ABSTRACT: Cerebral perfusion and its relation with systemic circulation in extremely LBW (ELBW) infants in the early neonatal period are not well understood. The cerebral tissue oxygenation index (TOI) and cerebral fractional tissue oxygen extraction (FTOE) were monitored in stable 16 ELBW infants (GA Ͻ29 wk) using nearinfrared spectroscopy (NIRS) at 3-6, 12, 18, 24, 36, 48, and 72 h after birth. The left ventricular end-systolic wall stress (ESWS), left ventricular ejection fraction (LVEF), left ventricular cardiac output (LVCO), and superior vena cava (SVC) flow were also measured simultaneously using echocardiography. The ESWS increased till 18 h and then decreased; LVEF, LVCO, and SVC flow decreased till 12 h and increased thereafter. The TOI decreased till 12 h and correlated with SVC flow; FTOE increased until 12 h and then decreased. These changes in variables of NIRS and echocardiographic measurements contrasted to changes in mean arterial blood pressure (MABP), which showed trends of continuous and gradual increase after birth. We conclude that even stable ELBW infants undergo evident transitional changes in cerebral oxygenation and perfusion in the early postnatal period, which may reflect changes in cardiac function and cardiac output. T he survival rate of extremely LBW (ELBW) infants has markedly improved owing to advances in medical technology and patient management as well as better understanding of neonatal pathophysiology. However, cerebral complications remain a major problem causing long-term neurodevelopmental sequelae (1). Intraventricular hemorrhage (IVH) is known to occur in ELBW infants and is attributable to multiple pathogenetic factors including vulnerability of the vasculature and fragility of the germinal matrix of the brain (2). Hypotension and hypoperfusion of the brain during the immediate postnatal period have been reported to be related with cerebral damage in sick preterm infants (3-5). Kluckow and Evans (6) proposed Doppler echocardiographic measurement of blood flow in the superior vena cava (SVC) as a consistent marker of upper body perfusion, including cerebral blood flow (CBF). They reported that sick preterm infants who developed IVH experienced a period of low SVC flow within the first 48 h of life (7).
T he survival rate of extremely LBW (ELBW) infants has markedly improved owing to advances in medical technology and patient management as well as better understanding of neonatal pathophysiology. However, cerebral complications remain a major problem causing long-term neurodevelopmental sequelae (1) . Intraventricular hemorrhage (IVH) is known to occur in ELBW infants and is attributable to multiple pathogenetic factors including vulnerability of the vasculature and fragility of the germinal matrix of the brain (2) . Hypotension and hypoperfusion of the brain during the immediate postnatal period have been reported to be related with cerebral damage in sick preterm infants (3) (4) (5) . Kluckow and Evans (6) proposed Doppler echocardiographic measurement of blood flow in the superior vena cava (SVC) as a consistent marker of upper body perfusion, including cerebral blood flow (CBF). They reported that sick preterm infants who developed IVH experienced a period of low SVC flow within the first 48 h of life (7) .
Although some recent studies have found changes in cerebral oxygenation in very LBW (VLBW) infants (8,9) using near-infrared spectroscopy (NIRS), there have been no studies on longitudinal and detailed assessment of cerebral perfusion in ELBW infants in the early postnatal period. Furthermore, the relationship between cerebral perfusion, systemic perfusion, and arterial blood pressure during the immediate postnatal period is determined by multiple factors and has not been fully understood. The aim of this study was to characterize in detail the cerebral oxygenation and oxygen extraction, as determined by NIRS, and systemic blood flow and cardiac function, as evaluated by echocardiography, in ELBW infants during the early postnatal period.
METHODS
Subjects. ELBW infants (birth weight Ͻ1000 g) who were born at a GA of Ͻ29 wk and admitted to the NICU of Tokyo Medical University Hospital between May 1, 2006, and December 31, 2008, were included in this study. The inclusion criteria of the subjects were ELBW infants 1) without anomalies and who were not small for GA (birth weight Ͻ the 10th percentile for GA), 2) who did not develop IVH and/or periventricular leukomalacia (PVL), as diagnosed by echoencephalography, 3) who did not show severe electrolyte abnormalities or metabolic acidosis during the study, 4) who were kept in stable respiratory condition with or without mechanical ventilation; SpO 2 Ͼ90% and PCO 2 range between 30 and 50 mm Hg during the study period, and 5) whose mean arterial blood pressure (MABP) were maintained at a level above the infant's GA in weeks within 12 h after birth. Infants who showed severe hypotension (MABP below the above-mentioned level despite volume expansion and inotropic support with dopamine and/or dobutamine Ͼ10 g ⅐ kg Ϫ1 ⅐ min Ϫ1 ) were excluded. Informed consent was obtained from the parents of all the infants. The study was approved by the Research Ethics Committee of Tokyo Medical University.
NIRS measurement. The oxygenated Hb (O 2 Hb), deoxygenated Hb (HHb), and total Hb (cHb ϭ O 2 Hb ϩ HHb) levels and the tissue oxygenation index (TOI ϭ O 2 Hb/cHb ϫ 100) were measured using NIRS (NIRO-200/300; Hamamatsu Photonics KK, Shizuoka, Japan). The optode was placed in the frontotemporal region of the head with the sensors at 3 cm distance (10) . Measurements were taken 3-6, 12, 18, 24, 36, 48 , and 72 h after birth, and each measurement session lasted for 30 min. The results were recorded and stored as graphs and numerical values in a personal computer. The signals were sampled at 2.0 s intervals, and the TOI was expressed as a median of 900 values (30/min ϫ 30 min) for 30 min for each measurement session. The cerebral fractional tissue oxygen extraction (FTOE) was then calculated from the TOI and oxygen saturation (SpO 2 ) values [FTOE ϭ (SpO 2 Ϫ TOI)/SpO 2 ] (11).
Echocardiographic measurement. All 16 infants underwent serial echocardiographic examinations at the same time as the NIRS measurements. All scans were performed by a single examiner (T.T.) to avoid the error between observers using Hewlett-Packard SONOS 2000 equipped with a 7.5-MHz transducer (12) . The end-systolic wall stress (ESWS) of the left ventricle (LV) was measured as an index of LV afterload in the M mode echocardiograms taken in the parasternal long-axis view according to the method by Colan et al. (13) . The LV ejection fraction (LVEF) measured as an index of systolic function of the LV in the M mode echocardiograms taken in the parasternal long-axis view according to the method by Sahn et al. (14) . Doppler volumetric measurements of the left ventricular cardiac output (LVCO) and SVC flow were measured by the methods by Alverson et al. (15) and Kluckow and Evans (6) , respectively. Based on these echocardiographic data obtained at 3-6 h after birth, treatment with volume expansion and/or inotrope administration was decided.
Measurement of other variables. Blood was collected from an arterial line in 11 infants and by heel lance in five infants. The pH was measured with the blood from the umbilical cord at birth or with the first blood sample collected from an infant after birth. The MABP was measured either directly (in 11 infants with arterial lines) or indirectly (oscillometric technique with an inflatable cuff BSN-2303; Nihon Kohden Corporation, Tokyo, Japan) in five infants (16) . The PCO 2 , hematocrit (Ht) values, and indirect MABP were measured after NIRS and echocardiographic measurement. The heart rate (HR) and the SpO 2 in the right upper arm were continuously measured using a pulse oximeter (Nellcor Pulse Oximeter N-200; Tyco Healthcare Japan, Tokyo, Japan). The HR, direct MABP, and SpO 2 were monitored and recorded at the same time as the NIRS measurement by a neonatal monitoring system (BSM-2300; Nihon Kohden Corporation, Tokyo, Japan). The data were stored in a personal computer, and median values were calculated over the measurement period.
Respiratory and cardiovascular support. Infants were kept in a stable condition on mechanical ventilation or nasal continuous positive airway pressure (CPAP; Infant Flow Nasal CPAP System, Cardinal Health, OH), aiming for a PCO 2 range between 30 and 50 mm Hg during the study period. The MABP was aimed to maintain a level above the infant's GA in weeks (17) . When an infant was hypotensive according to the above criteria, they were treated first with volume expansion (10 mL ⅐ kg Ϫ1 normal saline), followed by dobutamine infusion (5-10 g ⅐ kg Ϫ1 ⅐ min
Ϫ1
) depending on patient's response. When the blood pressure (BP) still remained low despite these treatments, dopamine (5-10 g ⅐ kg Ϫ1 ⅐ min Ϫ1 ) was administered. Indomethacin (0.2-0.25 mg/kg) was i.v. administered at 12-24-h intervals starting at 18 h after birth to infants with echocardiographically proven significant patent ductus arteriosus (PDA).
Statistics. Statistical analyses were performed using the computer package SPSS for Windows (SPSS Japan, Tokyo, Japan). The GA, birth weight, and blood pH of the 16 infants were expressed as "mean (SD)." Serial data obtained using NIRS, echocardiography, and physical examination at different time points were compared using repeated-measures ANOVA, followed by Bonferroni's multiple comparison tests. Pearson's correlation coefficients and simple linear regression analysis were used to determine the relationships among the MABP, SpO 2 , PCO 2 , Ht, ESWS, LVEF, LVCO, SVC flow, TOI, and FTOE. p Ͻ 0.05 was considered statistically significant.
RESULTS
A total of 16 infants were included in the study. No infants developed PVL, as determined by MRI at the time of discharge. The mean (SD) of GAs of the infants was 25.2 wk (1.6 wk), range, 23-28 wk; the mean birth weight was 749 g (252 g), range, 551-998 g; the mean initial blood pH was 7.30 (0.20). Ten infants received antenatal maternal corticosteroids. Ten infants received mechanical ventilation and three required nasal CPAP. Ten infants received infusion of i.v. volume expander for circulatory support. Six received inotropic support with dobutamine (2-5 g ⅐ kg Ϫ1 ⅐ min Ϫ1 ) only and three with dopamine (5 g ⅐ kg Ϫ1 ⅐ min
Ϫ1
) in addition to dobutamine. Five infants received indomethacin for treatment of PDA (Table 1) .
There were no significant changes in HR (p ϭ 0.59), SpO 2 (p ϭ 0.41), Ht value (p ϭ 0.16), or PCO 2 (p ϭ 0.31) during the study period (Fig. 1) . In contrast, the MABP (p Ͻ 0.05) showed trends of gradual increase after birth (significant increase from 3-6 to 12 h after birth; Fig. 1 ).
There were significant changes in the ESWS (p Ͻ 0.05), LVEF (p Ͻ 0.05), LVCO (p Ͻ 0.05), and SVC flow (p Ͻ 0.05) in the 72 h (Fig. 2) (Fig. 3) . The TOI (%) was decreased until 12 h [57.6 (6.9)] and showed trends of gradual increase after 18 h. The FTOE increased until 12 h [0.38 (0.10)] and showed trends of gradual decrease after 18 h. There was a positive correlation between the TOI and SVC Values are represented as mean (SD) number of cases. 
DISCUSSION
This is the first report that studied indicators of cerebral perfusion and systemic perfusion and their relationship using NIRS and echocardiography in ELBW infants during the first 72 h of life. The TOI and SVC flow, which are indicators of cerebral oxygenation and upper body perfusion, respectively, showed significant changes in the early postnatal period, although the physiological data such as HR, SpO 2 , Ht value, and PCO 2 in the subjects were stable. Both TOI and SVC flow decreased within 24 h after birth and then increased which corresponded with a decrease in LVEF and LVCO with an increase in ESWS but not with BP. However, the FTOE was negatively correlated with TOI and increased within 24 h after birth.
There have been several reports on ESWS, LVEF, and LVCO in neonates by echocardiography (15, 18, 19) . However, only a few of them have conducted detailed measurements of these parameters in preterm infants soon after birth. Murase et al. (20) reported values on serial Doppler echocardiographic measurements of the LVCO, evaluating systolic function of the LV, in critically ill VLBW infants from 3 h to 28 d after birth. They found that values of these parameters decreased till 12 h, then increased after 24 h, and those values were significantly lower in the group of more preterm infants. Infants in our study showed a similar changing pattern of LVEF and LVCO to those in their report, although we studied clinically more stable ELBW infants with minimal fluctuations in HR, Ht value, SpO 2 , or PCO 2 than their study. We speculate that even apparently stable ELBW infants undergo a period of temporary reduction in LVEF and LVCO within 12 h of birth probably because of limited capacity of immature myocardium to adapt to the perinatal circulatory change. That might be why the postnatal changing pattern of LVEF and LVCO in ELBW infants in this study was similar to that in more ill but less preterm infants in other studies (20, 21) . This study also revealed that the changes in LVEF and LVCO were associated with the change in ESWS (representing LV afterload, i.e. the peripheral vascular resistance) (22) . It can be speculated that the findings of our study indicate that fluctuations in the LVEF and LVCO in preterm infants reflect immaturity of perinatal circulatory adaptation, involving immature myocardial contractility, during the transition from fetal to extrauterine life, which is likely to be associated with an increase in the peripheral vascular resistance. Impairment of right ventricular (RV) cardiac function because of increased RV afterload after positive-pressure ventilation may also have contributed to the observed decrease in LVCO. Reduction in the RV output may result in a concordant reduction in the LVCO because the circulatory system of the right and left sides of the heart are connected in series (17) . Findings of this study suggest that in ELBW infants on mechanical ventilation, the systemic circulation is vulnerable and can be easily affected during the transition from fetal to extrauterine life.
NIRS measures the O 2 Hb, HHb, and cHb levels and the TOI in noninvasive manner. The TOI is determined by oxygenation status and metabolic state. Because oxygen delivery is primarily related to the oxygen content of the blood and to the amount of blood flowing to a given organ (23) , changes in TOI are determined mainly by changes in Hb levels, SpO 2 , blood flow, and cerebral metabolic rate of oxygen utilization. For this reason, in infants with stable Ht and SpO 2 values, changes in the TOI mainly reflect changes in the CBF (24, 25) . Naulaers et al. (9) reported that the median TOI showed an increase over the first 3 d of life in 15 stable VLBW infants and speculated that this increase in the TOI indicated an increase in the CBF during this period. This study revealed that in ELBW infants, the TOI of the brain markedly decreases on the first day of life and then increases. Changes in the TOI, which have not been seen in previous studies, may have been observed in this study because the subjects were more immature and the measurements were started earlier after birth (8, 9) . The findings of this study showed that even stable ELBW infants are at a risk of developing tissue deoxygenation and hypoperfusion within the first 24 h of birth.
The changing pattern of SVC flow in our study was similar to that of TOI measured by NIRS (i.e. both parameters decreased until 12 h and increased after 18 h of birth), probably because the TOI value is determined mainly by venous oxygen saturation, especially of the internal jugular vein, which is located upstream of the SVC (26) . The value of LVCO is influenced by shunt flow through the PDA (19) . Therefore, in the clinical setting, determination of both the TOI and SVC flow provides useful information on cerebral circulation, including the status of cerebral oxygenation and perfusion in the early postnatal period.
The cerebral fractional oxygen extraction (FOE), which represents the ratio of oxygen uptake to oxygen delivery (27) , is another indicator of cerebral oxygenation. Recently, Naulaers et al. (11) showed a close correlation between the FTOE measured by NIRS and the actual FOE in piglets and concluded that FTOE is likely to provide important information on oxygenation status of the brain continuously. In our study, the TOI decreased and the FTOE increased significantly, which corresponded with the timing of impaired cardiac function and cardiac output during the first 24 h after birth. Increased cerebral FTOE reflects increased oxygen extraction by the brain tissue and suggests that the oxygen consumption exceeds the rate of oxygen delivery. Thus, increased FTOE may indicate a compensatory mechanism for the decreased cerebral tissue oxygenation associated with reduced CBF and reduced oxygen delivery (28) . Continuous measurement of TOI and FTOE using NIRS may be useful by providing noninvasive and continuous monitoring of both cerebral oxygenation and oxygen extraction in ELBW infants.
In the management of VLBW infants, systemic BP is one of the commonly used indicators of systemic perfusion, because there is no easy way to determine cardiovascular function in routine clinical practice. It is generally accepted that MABP should be maintained above a certain level to minimize the risk of hypoperfusion. Some clinicians recommend that the MABP should not be allowed to fall Ͻ30 mm Hg in sick infants (3, 19) and others recommend to maintain the MABP above the value of an infant's GA in weeks (17) , although there is little evidence to support this protocol. In this study, in all 16 infants, the MABP was initially Ͻ30 mm Hg and the value of GA in weeks but then gradually increased. However, the changes in MABP were not closely related to those in the TOI, SVC flow, and LVCO. The results of this study are compatible with those of previous studies in that the MABP is not closely related to the CBF measured by NIRS (8, 29, 30) , the SVC flow (31), or the LVCO (32,33) during the immediate postnatal period. However, Munro et al. (34) and Wong et al. (25) showed a strong correlation between MABP and CBF or TOI in clinically ill preterm infants with disrupted cerebral autoregulation. One possible explanation for these apparently contradictory results is that only infants with severe hypotension (who were excluded from our study) might show correlations of MABP with CBF and TOI. Another possibility may be related to different time window when measurements were performed in these studies. We started measuring parameters of cerebral and systemic perfusion earlier than the previous studies. However, these previous studies have not examined infants within 12 h after birth. During this early period, most ELBW infants have large PDA with massive shunt flow (left to right, right to left, or bidirectional). For example, LVCO in infants with significant LR shunt through large PDA may double compared with those without PDA, which influence CBF because of a stealing shunt flow from the descending aorta to the main pulmonary artery (35, 36) . However, the direction and the amount of the shunt flow often do not depend on the BP but on the pulmonary vascular resistance, which in turn, depends on the respiratory status. Finally, in our study, the NIRS data were averaged for long periods and may have missed correlations that might exist in dynamic data. Taking all these factors into consideration, we think that BP remains a useful parameter in evaluating systemic perfusion in the management of ELBW infants, especially for those with severe hypotension.
In conclusion, we longitudinally measured and assessed cerebral perfusion, systemic perfusion, and their relationships by studying variables of NIRS and echocardiographic measurements in ELBW infants during the immediate postnatal period. We demonstrated that even stable ELBW infants have reduced cerebral oxygenation and perfusion immediately after birth, which was not closely associated with BP changes but was more likely to reflect low cardiac output because of decreased LV contractility following increased peripheral vascular resistance. These findings may indicate inadequate hemodynamic adaptation during the transition from fetal to extrauterine life.
